ABSTRACT. Effects of ischemia (20 min) on cerebral cortical prostanoid synthesis and microvascular responses to hypercapnia and topical acetylcholine were examined in anesthetized newborn pigs. Pial arteriolar dilation in response to hypercapnia (10% COz ventilation, 10 min) was absent 2 h after ischemia and reversed toward constriction by 24 h postischemia. In sham control piglets, hypercapnia increased cortical periarachnoid fluid prostanoid concentrations. After ischemia, hypercapnia did not affect prostanoid concentrations on the brain surface. Acetylcholine M)-induced pial arteriolar constriction was reversed toward dilation 24 h after cerebral ischemia. Further, acetylcholine-induced prostanoid synthesis was markedly attenuated after ischemia. We conclude that cerebral ischemia-reperfusion alters cerebral prostanoid synthesis and microvascular control in newborn pigs. These abnormalities persist for at least 24 h. (Pediatr Res 25:180-183, 1989)
Production of total cerebral ischemia. Under halothane (1-3%) and nitrous oxide (50%) anesthesia, hollow stainless steel bolts were implanted aseptically in the skulls of 1-day-old piglets. Catheters also were placed in the aortae via peripheral arteries for blood withdrawal and blood pressure monitoring. Then 3 days later, 20 min of total brain ischemia was produced by infusing artificial CSF into the hollow bolt to increase the intracranial pressures of mechanically ventilated, unanesthetized piglets 15 mm Hg above mean arterial pressure. Arterial blood was withdrawn as necessary to prevent the Cushing response from raising mean arterial pressure higher than 100 mm Hg. Within 5 s of increasing intracranial pressure, all piglets were unresponsive to tactile and auditory stimuli, and their pupils were fixed and dilated. There was no evidence of pain or apparent awareness of the procedure before loss of consciousness. This procedure results in reduction of blood flow throughout the brain and spinal cord to levels that are not detectable using radioactively labeled microspheres. Spontaneous ventilation resumes after 30-60 min of reperfusion.
Piglets were divided into three groups for examination of the pial microcircu!ation using closed cranial window techniques. Sham control animals were treated identically to those in the other two groups, except that intracranial pressure was increased to about 100 mm Ha for only 1-2 s and then returned to control in half of the animals, or thk bolt was inserted but intracranial pressure was not increased in the other half. Because data from these two groups of piglets were indistinguishable and consistent with our previous experiments on intact piglets, results from both groups were combined. In the second group of piglets (2 h postischemia), surgery for implantation of the cranial window was begun after 50 min of reperfusion, allowing the microcirculatory studies to begin at 2 h of reperfusion. In the third group (24 h postischemia), the cranial window was implanted 24 h after the brain ischemia. These latter piglets were fed pig milk substitute by gavage, because they did not regain consciousness.
Cranial window implantation and experimental protocol. Newborn pigs were anesthetized with ketamine hydrochloride (33 mg/kg, intramuscularly) and acepromazine (3.3 mg/kg, intramuscularly) and maintained on a-chloralose (50 mg/kg, intravenously initially, plus 10 mg. kg-'. h-I). The animals were intubated and ventilated with air. Catheters were inserted in the MATERIALS AND METHODS femoral vein for maintenance of anesthesia and, in some piglets, in the femoral artery to record blood pressure and draw samples The surgical procedures and experimental protocols used were for blood gas and PH analysis (in others, we used the catheters reviewed and approved by the Animal Care and Use Committee inserted when the bolt was placed). Body temperature was mainof the University of Tennessee, Memphis.
tained at 37-38°C by wrapping the piglet in plastic film and a water-circulating heating pad. The scalp was retracted, and a Pial arterioles were observed with a trinocular stereomicroscope. Pial arteriolar diameter was measured with a television camera mounted on the microscope, a video monitor, and a video microscaler (model VPA-1000, FOR-A Corp., Los Angeles, CA). Using a stage micrometer, we determined that the scale is linear over the range from 0-1000 pm.
Cerebral surface CSF (300 p1 of the 500 under the window) was collected by placing a I-ml syringe on an injection port of the cranial window. CSF was collected by slowly infusing artificial CSF into one side of the window and allowing the CSF under the window to drip freely into a collection tube on the opposite side.
The experimental design consisted of measurements of pial arteriolar diameter, arterial pressure, arterial blood gases and pH, and collection of cortical periarachnoid CSF. After the piglet had been allowed to stabilize for 20 min, the window was flushed with artificial CSF, and 10 min later we collected 300 p1 CSF from under the window. Then, hypercapnia was produced by ventilating the piglet with a 10% C02, 2 1 % 02, 69% N2 mixture, and pial arteriolar diameter and arterial pressure were measured. The CSF from under the cranial window was collected 10 min later for prostanoid analysis, and an arterial sample for blood gas and pH analysis was drawn. The ventilation mixture was returned to air, and the window was flushed with artificial CSF four times at 5-min intervals. At the end of a repeat 10-min control period, pial arteriolar diameter and arterial pressure were measured, and a CSF sample from under the cranial window was collected. Next, acetylcholine dissolved in artificial CSF (1 0-3 M) was injected under the cranial window while measuring pial arteriolar diameter and arterial pressure. Then, 10 min later, after the final measurements of pial arteriolar diameter and arterial pressure were made, another collection of cortical periarachnoid CSF was made. A final arterial blood sample for blood gas and pH analyses was then drawn. The treatments were not applied in reverse order (i.e. acetylcholine, then hypercapnia), because the effects of hypercapnia upon the cerebral circulation reverse on removal of the stimulus, with no detectable lingering effects; after topical acetylcholine at M, the general responsiveness of the cerebral vasculature seems to be diminished.
Prostanoid analysis. Prostanoids (6-keto-prostaglandin F,,, thromboxane B2, prostaglandin Ez, and prostaglandin F2,) in cortical periarachnoid CSF were analyzed by RIA against an artificial CSF matrix as described previously (5) . All unknowns were assayed at three dilutions, with parallelism between the unknown dilution curve and the standard curve required before the result was used. Sample dilutions used in the present study Table 1 . Respon allowed analysis of prostanoid concentrations at 100-100,000 pg/ml. Previously, using this assay, we demonstrated large proportional increases in the prostanoids examined after topical application of arachidonic acid and more than 90% decreases in concentrations of all prostanoids examined in the cortical periarachnoid fluid after treatment with indomethacin in basal conditions and when stimulated with exogenous arachidonic acid (6). Our antibodies cross-react minimally (less than I %) with the other prostanoids studied in the present experiments and with other eicosanoids examined (arachidonic acid, 5-HETE, 12-HETE, 15-HETE, LTB,, LTC,, LTD,, lipoxin A4, lipoxin B4, PGD2).
Statistical analyses. All values are presented as means & SEM. Comparisons between two populations were made using t tests for paired observations. Comparisons among more than two populations used ANOVA followed by t tests with Bonferonni correction. p < 0.05 was required for inference that populations were different. were similar, although the arterial pressures in the two postischemic groups appeared to be reduced slightly (Table 1) . Ventilation with the hypercapnic gas mixture increased arterial Pcoz and decreased arterial pH similarly in all three groups of piglets (Table  1) . Hypercapnia produced a typical cerebral arteriolar vasodilation in the sham control piglets (Table 1 ; Fig. 1 ). In contrast, hypercapnia produced minimal effects on pial arteriolar diameter 2 h postischemia and appeared to constrict pial arterioles 24 h postischemia (Table 1; Fig. 1 ).
During normocapnia, cortical periarachnoid CSF prostanoid concentrations were similar in sham control piglets and in piglets 2 h postischemia; however, concentrations were reduced at 24 h postischemia (Fig. 2) . Hypercapnia caused an increase in cortical periarachnoid prostanoid concentrations in the sham control piglets (Fig. 2) . However, the same degree of hypercapnia did not alter cortical periarachnoid CSF prostanoid concentrations either 2 or 24 h postischemia (Fig. 2) .
Relatively high doses of acetylcholine M) produced cerebral arteriolar vasoconstriction in the sham control piglets. In contrast, 2 and 24 h postischemia, acetylcholine failed to constrict pial arterioles (Fig. 3 ) and tended to produce ( p = 0.08) vasodilation 24 h postischemia ( Table 2) .
Acetylcholine increased cortical periarachnoid prostanoid concentrations nearly 18-fold in the sham control piglets. In contrast, both 2 and 24 h postischemia, acetylcholine-induced prostanoid synthesis was attenuated markedly (Table 3) . DISCUSSION Results of the present study demonstrate that interruption of cerebral blood flow for 20 min in newborn pigs produces grossly abnormal microcirculatory responses by 2 h of reperfusion. These altered responses persist or are accentuated 24 h later. Specifically, the prostanoid-dependent pial arteriolar vasodilation in response to hypercapnia ( 3 , 5 ) is reversed toward constriction, and the prostanoid-dependent pial arteriolar constriction in response to topical acetylcholine (4, 7) is reversed toward dilation. Because the alteration of the prostanoid-dependent vascular responses occurs regardless of whether a dilator or constrictor response is involved, the effect of the ischemiareperfusion may be upon the prostanoid system, rather than directly upon responses to specific dilator or constrictor stimuli per se.
There are several possibilities by which the prostanoid system could be compromised by ischemia and/or reperfusion after ischemia. First, autoinactivation of cyclooxygenase (8) by a burst of cyclooxygenase activity upon reperfusion when high levels of free arachidonic acid would be expected (9, 10) could prevent later prostanoid synthesis. However, this possibility is unlikely because the effects persist at least 24 h, by which time renewed active cyclooxygenase should be present. Second, we have found that activated oxygen is generated in large quantities at reperfusion, predominantly via cyclooxygenase-dependent mechanisms (1) . Free radicals could damage cell membranes, enzymes, and nucleic acids. Third, alteration of many cellular components could occur during the ischemia period. The last two potential mechanisms could alter subsequent prostanoid synthesis by decreasing cyclooxygenase, decreasing arachidonic acid release by effects upon phospholipases, or by inhibiting stimulus-effector coupling. The cause of the apparent constriction during hypercapnia subsequent to ischemia is unknown. It appears likely that the vasoconstrictor mechanisms that are normally attenuated by dilator prostanoids are capable of operating unopposed. One of the possible vasoconstrictor mechanisms is sympathetic nerve activity, which would be enhanced during severe hypercapnia (1 1). We have shown sympathetic stimulation constricts cerebral arterioles in piglets (12) and that indomethacin treatment augments vasoconstriction produced by topical norepinephrine (1 3). In addition, under certain circumstances that cause cerebral arterioles to dilate, we have found that vasopressin can produce constriction of pial arterioles ( 14) .
P O S T I S C H E M I C C E R E B R A L V A S C U L A R R E S P O N S E S 183
Similarly, the apparent dilation observed in response to acetylcholine 24 h after ischemia is surprising. It is possible that ischemia does not damage endothelial cells sufficiently to prevent the release of endothelial cell-derived relaxing factor. If such were the case, acetylcholine-induced release of the endothelial cellderived relaxing factor (1 5) could produce a vasodilation that is unmasked when the overriding prostanoid-dependent vasoconstriction is removed. However, this explanation seems to be contradicted by the ability of indomethacin to abolish totally pial arteriolar responses to acetylcholine in normal piglets (4) .
The abnormal responses we have observed in the pial microcirculation of newborn piglets in the postischemic period have potential clinical consequences for recovery after hypoxic-ischemic episodes. For example, failure of the cerebral circulation to dilate appropriately in response to subsequent episodes of asphyxia would result in severe cerebral tissue hypoxia and could produce further brain damage. Because the physiologic significance of acetylcholine in cerebral vascular control is poorly rol) g r o u p understood, the effects of an alteration in the response to this specific neurotransmitter are unknown.
In conclusion, we have found that cerebral ischemia-reperfusion produces abnormalities in microvascular control that persist for at least 24 h. Stimulus-induced prostanoid synthesis is severely compromised and could be a mechanism by which microvascular control is lost.
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